F ate maps in vertebrate embryos show that vascular smooth muscle is a mosaic tissue consisting of distinct segments, each with unique developmental origins and lineage histories. 1 Smooth muscle cells (SMCs) exhibit origin-specific differences in growth control, 2,3 responses to vasoactive stimuli, 4 and activation of cytokine signaling pathways. 5 In most cases, however, a molecular explanation of why this is so is lacking. In this issue of Circulation Research, Shiyou Chen and colleagues take an important step toward completing the missing information. In their article, the authors describe phenotypes of neural crest-specific Smad2 deletion and provide evidence for SMC origin-specific coupling of transforming growth factor-β (TGFβ)-mediated signaling to the transcriptional machinery for vascular SMC differentiation. 6
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Transcriptional Control of SMC Differentiation
Transcription of most genes whose products are commonly used as SMC markers requires a dimer of serum response factor bound to paired and phased CArG box elements located in 5′ promoter or intronic positions. 7, 8 However, serum response factor itself is neither SMC-specific nor a strong transcriptional activator, and several candidates have been proposed to confer these properties on CArG box regulation in SMCs. 9 Of these candidates, most attention has focused on the myocardin family of transcriptional coactivators. 10, 11 Myocardin and the myocardin-related transcription factors (MRTF-A/megakaryoblastic leukemia [Mkl]1/Mal, MRTF-B/Mkl2) are SAF-A, acinus, PIAS (SAP) domain family members that physically associate with the conserved MCM1, agamous deficiens, serum response factor (MADS) box of serum response factor and strongly activate transcription from paired CArG elements in SMC-specific genes. [10] [11] [12] Genetic analyses of the functional requirements for MRTFs in vascular development uncovered roles for these factors that were correlated with the developmental origin of SMCs in vivo.
For example, loss of MRTF-B strongly inhibited SMC differentiation in neural crest-derived progenitors, whereas adjacent somite-derived SMCs and proepicardium-derived SMCs were unaffected. 13, 14 Disruption of myocardin itself produced early embryonic lethality accompanied by failure of SMC differentiation around the dorsal aorta (mesoderm-derived), 15 MRTF-A-null mice displayed defects in myoepithelial cells, whereas vascular smooth muscle was phenotypically normal. 16
Smooth Muscle Lineage Diversity and TGFβ Signaling
TGFβ is reported to have a wide range of context-dependent and lineage-specific effects on vascular SMC development, differentiation, growth control, and extracellular matrix production. 2, 17, 18, 20 All canonical TGFβ signaling requires the serine/threonine kinase activity of a heterodimer of TGFβRI and RII subunits. 19 SM22α-cre-mediated loss of TGFβRII expression in embryonic vascular SMCs leads to reduced elastin content in both neural crest-derived and paraxial mesoderm (somite)-derived aortic segments. 18 However, although the expression of SMC differentiation markers was reduced in paraxial mesoderm-derived SMCs, their expression was actually increased in neural crest-derived SMCs after loss of TGFβRII expression in vivo. 18 So, TGFβ-dependent signaling in vascular SMCs has both lineage-dependent and lineage-independent roles in vascular development and differentiation. Canonical TGFβ signaling uses either Smad2 or Smad3 for signal transduction. Xie et al 6 report that SMCs derived from the neural crest cell line Monc1 21 require Smad2, but not Smad3, for TGFβ-mediated nuclear translocation of MRTF-B, and increases in smooth muscle α-actin and SM22α gene expression. In contrast, they found that Smad3, not Smad2, was the more important mediator of TGFβ signaling for SMC differentiation in mesoderm-type SMCs represented by C3H10T1/2 cells. Similar results were reported by Qiu et al 22 for Smad3 activation of SM22α in C3H10T1/2 cells. These authors also found that TGFβ1 induced formation of a Smad3-myocardin complex that greatly enhanced SM22α promoter activity in C3H10T1/2 cells. 23 In neural crest-derived Monc-1 cells, Xie et al 6 carefully analyzed the molecular mechanisms involved in TGFβ1-stimulated SMC differentiation and found that Smad2 physically associates with the myocardin-related family member MRTF-B, and the complex thus formed promotes binding of Smad2 to DNA targets and stimulates the promoter activity of SMC marker genes. To further test the role of Smad2 in SMC origin-dependent regulation of gene expression, the authors used SM22α-cre mice to delete Smad2 in all SMCs, regardless of their origin, and then compared the responses in neural crest versus paraxial mesoderm segments of the great arteries. They found that the levels of matrix metalloproteinase-2 mRNA and protein were significantly reduced in Smad2deficient neural crest-derived SMCs but were not altered in Smad2-deficient paraxial mesoderm-derived SMCs compared with arteries from wild-type mice. In contrast, the reverse dependency on Smad2 was found for proliferating cell nuclear antigen (PCNA) gene expression, with significant reductions in PCNA mRNA levels observed in paraxial mesodermderived but not neural crest-derived SMCs. Taken together, these results link SMC origin-specific differences in TGFβ1 signaling to serum response factor-dependent transcriptional coactivators for SMC differentiation. Specifically, they point to the physical association of different TGFβRII-activated Smad proteins with distinct myocardin family members as the underlying basis for this cooperative SMC origin-dependent molecular linkage (Figure) .
Choosing Smads
Molecular Mechanisms for Lineage-Specific SMC Properties
Genome-wide epigenetic studies have shown that the lineage history of a given cell type is recorded in the pattern of epigenetic modifications of that cell's genome. 24 Therefore, differences in developmental origin can prepattern the genome to produce different output responses to the same input signal. 5, 25 These epigenetic differences in genome responses can extend beyond birth and persist into adulthood. 25 The findings reported by Xie et al 6 illuminate a second, possibly related, mechanism to generate lineage diversity: the use of different members of a common gene family (ie, Smads) to respond to local environmental signals. This would be similar to the selective use of Pax3 or Pax7 in 2 types of skeletal muscle progenitor cells for repair of acute muscle injury. 26 In the present work by Xie et al, 6 it still remains to be determined precisely how TGFβ receptor activation preferentially couples to Smad2 in neural crest-derived SMCs and to Smad3 in paraxial mesoderm-derived SMCs. It will also be important to determine whether activation of different Smad proteins leads to a different spectrum of target gene expression responses in these 2 types of vascular SMC and whether SMC lineage prepatterns the genome to respond to TGFβ1 stimulation in SMC originspecific ways. Xie et al 6 found that Smad2-deficient arteries had thinner elastic laminae and a distorted elastic fiber network structure. Given that the primary function of aortic SMCs is to make and maintain a compliant but strong extracellular matrix capable of pulse pressure dampening over a wide range of ventricular systolic pressures, the answers to these questions may be found in the molecular and epigenetic mechanisms that regulate genes involved in the production and remodeling of the extracellular matrix. 27
Conclusions
The article by Xie et al 6 shows that different gene family members are used in a combinatorial fashion to couple TGFβ signaling to precursor cell differentiation in an SMC origindependent manner. Thus, neural crest-derived SMCs use Smad2 and MRTF-B to activate TGFβ1-dependent SMC differentiation responses, whereas paraxial mesoderm-derived SMCs use Smad3 and myocardin to accomplish the same physiological response. The logic in this lineage-specific signaling may reside in the network of downstream coupling to an array of target genes required to coordinate growth, migration, differentiation, metabolism, matrix production, and survival responses during development of the artery wall.
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TGFβ-1 Figure. Smooth muscle cell (SMC) origin-dependent transforming growth factor-β (TGFβ) signaling. Receptor occupancy by TGFβ1 stimulates R-Smad-dependent signaling, leading to transcriptional activation of SMC differentiation marker genes. In SMCs that originate from neural crest (left), activation of SMC differentiation target genes is mediated by a complex of Smad2 and myocardin-related transcription factor-B (MRTF-B).
In contrast, in SMCs that originate from mesoderm-derived progenitors (right), activation of the same SMC target genes is mediated by a complex of Smad3 and myocardin.
